A geometrical attenuation model is proposed as an alternative to the conventional frequencydependent attenuation law Q(f ) = Q 0 (f /f 0 )
leading to the well-known 'absorption band' model. Viscoelastic rheological models were also proposed to explain the observations of frequency-dependent Q in Earth materials (Liu et al. 1976) . However, the apparent character of this property and its sensitivity to the underlying wavefield models has also been long recognized. Discussions of the sensitivity of the resulting Q(f ) to the assumed geometrical spreading and other wavefield symmetries are standard in attenuation studies (e.g. Mayeda et al. 1992; Abercrombie 1998) , and nevertheless the results are mostly presented in this uncertain form. However, methodologically, it is clear that we should still look for a data inversion and documenting procedures that are less sensitive to the current theoretical assumptions and simplifications but capture the essential properties of the observations. Frequency-dependent Q measurements are typically based on compensation of the distance dependence, which is usually taken in a |r| −ν form. In Q(f ) measurements, additional assumptions about the source spectra are sometimes invoked (e.g. Eberhart-Phillips & Chadwick 2002; Hauksson & Shearer 2006) , and/or the energy transport equation is used to separate the intrinsic and scattering attenuation (Wu 1985; Toksöz et al. 1988; Hoshiba 1991; Mayeda et al. 1992; Jin et al. 1994; Adams & Abercrombie 1998) . All these models are based on assumptions of isotropy and uniformity that are not sufficiently accurate, and the resulting errors in the geometrical factors are recorded as scattering attenuation (Q s ) and frequencydependent Q.
In this paper, I argue that at least some observations of frequencydependent Q may be related not to crustal rheology or character of the wavefield but rather to the chosen parametrization (1) and model approximations above. The power-law dependence (1) is generally dictated by convenience and uses overly simplified models of geometrical spreading. Q(f ) in form (1) may also lead to contradictory scattering models. For example, note that positive η values suggest that the efficiency of scattering decreases at shorter scale-lengths. Although such values are pervasive in the body of Q(f ) observations in all areas around the world, this conclusion is still counter-intuitive, considering that smaller heterogeneities are usually more abundant within the crust. At the same time, positive η values are also mostly found in combinations with reduced Q 0 , which suggests an increase in attenuation. As I show below, both of these observations could in fact indicate an increase in geometrical attenuation.
In purely 'technological' research areas, such as coda magnitude calibration, nuclear test monitoring, and creating models for forward seismic modelling, empirical quantitative descriptions of amplitudes may be more important than meaningful underlying physics. In these applications, parametrization (1) may be quite convenient and adequate. Large volumes of data have been accumulated and heuristic discrimination rules formulated based on this convention. However, where correct physical descriptions are important, the tendency to always look for (f /f 0 ) η dependencies may lead to confusing or biased interpretations.
In the following, I propose an alternative, simple and consistent attenuation model and illustrate its application to a range of topics. Specifically:
(1) In Section 'Geometrical Attenuation Model', I introduce the concept of 'geometrical attenuation' and develop the new (ν, γ , Q e ) attenuation model, with emphasis on the associated measurement procedures and consistent interpretation.
(2) In Section 'Examples', I illustrate the model by using two literature case studies: (1) recent borehole Q measurements in Kanto area (Japan) by Kinoshita (2008) and (2) separation of coda Q −1 (f ) in central California into intrinsic (Q i−1 ) and scattering (Q s −1 ) attenuation factors by Mayeda et al. (1992) . In both cases, revealing improvements in the interpretations are achieved. I also suggest that Q s can be viewed mostly as a distorted representation of the geometrical attenuation (γ ). (3) In Section 'The Character of Apparent η', I develop an approximate transformation for mapping the existing (Q 0 , η) results into the (γ , Q e ) form when η is relatively small. This transformation also reveals that η is principally related to f /f c , where f is the central frequency of the measurement band and, f c is the 'crossover' frequency characteristic of the study area.
(4) To illustrate how the (γ , Q e ) model works, Section 'γ , and Crustal Tectonic Types' presents a worldwide compilation of reported studies converted into the (γ , Q e ) model. I show that the parameters of this model, and especially γ , provide a good basis for interpretation, are supported by realistic coda waveform modelling, and also correlate well with crustal tectonic types.
(5) Section 'The Absorption Band and 10-HzTransition Problem' shows how the (γ , Q e ) model also leads us to a different perspective on the '10-Hz transition' problem and the nature of the absorption band within the upper mantle. Once again attention is given to the variable geometrical effects, which appear to be responsible for the increasing Q(f ) at short periods. Therefore, at least the upper limit of the mantle absorption band may not be related to absorption.
(6) Finally, in Section 'Discussion', I present theoretical justifications of the geometrical attenuation model based on the assumed wavefield symmetry, generalized scattering, and energy transport considerations. I also give a brief illustration of a recent successful prediction of γ by numerical coda modelling and its correlation to nuclear-explosion studies in Russia.
The above topics still do not cover the complete field of possible applications of the model discussed here. The field appears to be nearly as broad as the observations of frequency-dependent Q(f ) themselves, and the inferences may be profound. A more complete and rigorous theoretical treatment with additional examples using surface-body-, and Lg waves are given by Morozov (2008) . Coda (γ , Q e ) modelling results in realistic lithospheric structures are reported by Morozov et al. (2008) .
G E O M E T R I C A L AT T E N UAT I O N M O D E L
In the following, it is important to clearly define the terminology of the conventional Q(f ) and the present model (Table 1) . The established use of term 'scattering attenuation' (Q s−1 ) can be particularly problematic. Commonly, Q s incorporates all effects outside of the intrinsic attenuation (Q i ) and geometrical spreading that would have been occurring in a uniform isotropic medium (denoted by the geometrical-spreading law exponent, ν) (e.g. Aki 1980; Dainty 1981) . Therefore, Q s includes all effects of background structures, such as ray bending and reflections caused by non-uniform lithospheric structure. Such effects are causal and may not be considered as scattering in other studies, and they are termed 'geometrical' here (Table 1) . On the other hand, in the traditional model, scattering on small-scale heterogeneities is not clearly isolated and may be included in both Q i and Q s ( Table 1) .
The key idea of the argument below is based on an observation that for η ≈ 1 in eq. (1), the amplitude decay with time and propagation distance becomes frequency-independent. This suggests a purely geometrical process of amplitude decay, which can occur by either spreading or scattering of seismic waves (Table 1) . Under geometrical spreading, we understand the usual propagation, with wave 'packets' staying within their corresponding wave fronts but spreading thinner over time. By contrast, geometrical scattering is the process in which the wave energy is redistributed among the wave fronts. This process should be frequency-independent if scatterers are large compared to the wavelength (Dainty 1981 ; see box Q s in Table 1 ). Because in real Q measurements these two processes are difficult to separate, I also refer to both of them combined as geometrical attenuation (Table 1) . The geometrical attenuation is particularly complex in the near surface. Velocity contrasts within the upper ∼4 km of the crust (including the weathered layer) easily reach 300 per cent, with the free surface, the top of the basement, and numerous sedimentary beddings and faults forming strong reflectivity. The heterogeneity of the upper crust is well known from controlled-source studies and was well documented by passive array observations and coda modelling (e.g. Greenfield 1971; Dainty 1985 Dainty , 1990 Bannister et al. 1990; Gupta et al. 1991; Dainty & Schultz 1995) . The geometrical attenuation caused by refractions and refractions within such structures is difficult to describe theoretically. However, two properties of the near-surface wavefield geometry should be noted: (1) it is highly anisotropic (for example, refracted waves commonly bend upward) and (2) it is non-uniform neither in depth nor horizontally (due to near-critical reflections, P/S mode conversions, etc.). The nearsurface wavefield should strongly violate all of the assumptions typically made in the advanced methods of Q inversion, such as isotropy of wave propagation, scattering and absorption, statistical equilibrium and dominance of S-wave modes. In particular, wavefield amplitude from a near-surface point source (i.e. the Green's function) can hardly (or at least not always) be approximated by a |r| −ν or t −ν geometrical factor (r is the vector distance from the source and t is the traveltime), as it is commonly assumed (Aki & Chouet 1975) .
Thus, the conventional Q model has two general problems, both related to the treatment of geometrical factors: (1) parameter ν is not measured but set from a relatively crude theory and (2) quality factor Q s is used to describe the geometrical scattering, which is not a scattering process in reality. To rectify these problems, I suggest using a different parametrization explicitly reflecting the difference between the geometrical and scattering processes and not attempting subdivisions within these groups ( Table 1 ). The emphasis is on measurable, interpretable, and model-indepenent quantities. In particular, the effects of small-scale scattering (Rayleigh and Mie-type) and intrinsic attenuation Q i are lumped in a single factor which I call the 'effective' Q e .
Without making any assumptions about the source spectrum or geometrical attenuation, measurement of attenuation parameters typically reduces to inverting some observed time-frequency variant amplitude A(t, f ):
where t is the traveltime, f is the frequency, G(t) is the geometrical attenuation factor, S(f ) is the common (typically, source) spectrum and R(t, f ) is the time-frequency response of the receiver. In this expression, t could also be viewed as a proxy for different station locations or different time windows extracted within a coda wave train. Even assuming that the R(t, f ) factor can be removed from the amplitude, the remaining inversion of eq. (2) implies simultaneously inverting for S(f ), G(t) and Q
−1
e . Note that parameter Q −1 e trades off with both S(f ) and G(t).
In some cases, such as spreading of refracted body waves (Pn and Sn), the geometrical spreading (Green's function) G(t, f ) is also frequency-dependent, which amplifies the parameter trade-off in eq. (2). Such frequency dependence can be established either by modelling (Yang et al. 2007) or by inverting eq. (2) under a stringent selection of functional forms for G(t, f ) and Q e (f ) in eq. (1) (Zhu et al. 1991) . In the context of the present discussion (which is an attempt to invert for both G(t) and Q e under minimal assumptions), neither of these solutions is satisfactory, and the frequency-dependence in G(t, f ) probably cannot be isolated from Q e (f ). Therefore, we do not consider the frequency-dependent G(t, f ) below. Nevertheless, if considered reliable, the corresponding frequency corrections (e.g. Yang et al. 2007 ) can be applied either to the initial expression (2) or to the resulting values of Q e (Morozov 2008) .
When Q e is considered frequency-independent, the inverse problem is generally stable, and it can be linearized and solved for all of these three groups of parameters:
If only the Q −1 e value is of interest, it can be inverted for by using the following double spectral Log-amplitrude ratios:
where t 1,2 and f 1,2 are pairs of the observation times (or receiver stations) and frequencies, respectively. In many studies, the effects of S(f ) are removed from relation (2) by constructing spectral ratios at different observation times:
Despite the commonly made assumptions, the behaviour of function G(t 2 )/G(t 1 ) is complex and should generally be inverted for rather than preset. An approximation corresponding to the t −ν geometrical model was used by Frankel et al. (1990) :
who, by the way, found ν to be anomalously high compared to the theoretical coda-wave value of 1/2. Another single-parameter form that is significantly more convenient in measurements is what I call the geometrical attenuation (Table 1) :
Note that in most cases, |t 2 − t 1 | 1/2 (t 2 + t 1 ) = t, and therefore, form (7) is practically equivalent to (6), with γ ≈ ν/t. Approximation (7) leads to a simplified form of relation (5), which is linear in f :
Thus, the geometric parameter γ and π /Q e are represented by the negative intercept and slope, respectively, on the log-amplitude time slope diagram. Approximation (8) can be viewed simply as the first two terms of a Taylor series of the logarithm of spectral ratio in f , which appears to be sufficient in many cases. From eq. (8), assuming a frequency-independent Q e = Q i , γ can be related to the conventional scattering attenuation factor: Q s = π f /γ (Table 1; Aki 1980) . For a frequency-dependent Q e , definition of Q s becomes difficult. However, in all cases, γ appears to be well defined, and Q s becomes unnecessary. Approximation (8) is extensively used below, and its further theoretical background is given in Section 'Discussion'.
If Q is considered frequency-dependent in eq. (2), spectral scalloping, leaky modes (Sams & Goldberg 1990 ), site effects, and noise make joint inversion for Q(f ) and S(f ) difficult with real data. However, if G(t) is fixed in order to stabilize the inverse of eq. (2), the resulting values of Q −1 (f ) vary depending on the type of the G(t) relation used. Kinoshita (1994) used the G(t) = t −ν law above and tested a range of ν from 0.5 to 1.5, finding the resulting Q to vary by factors of up to 20, with sharp differences in the frequency dependences. From coda normalization measurements, Frankel et al. (1990) estimated values of ν ≈ 1.3 for New York State and South Africa, and a larger value of ν ≈ 1.9 for Southern California. Note that constraining the geometrical attenuation to the theoretical value of ν ≈ 0.5 (as theoretically expected and used in other frequency-domain measurements in the same areas-cf. Frankel et al. 1990 ) resulted in underestimated and almost three times lower values of Q.
In principle, in a large and broad-band data set (for example, such as the upper-mantle body-wave data by Shito et al. 2004 ) Q e could be examined for frequency dependence, which would correspond to retaining higher-order terms in f in eq. (8). However, it seems unlikely that many of the existing data sets would allow resolving a frequency dependence in Q −1 e without using predefined functional forms for either S(f ) or G(t). It appears that the most robust approach still consists in measuring both the time and spectral characteristics of S(f ) and G(t), together with a frequency-independent Q e . Emphasizing the data versus theoretical assumptions and sophisticated algorithms could provide simple explanations leading to clear and robust, albeit maybe conservative interpretations of attenuation phenomena. In the following section, I show two examples of such re-interpretations of several observations found in the literature. More examples, including a case from the key study by Aki (1980) , are presented in Morozov (2008) .
E X A M P L E S Borehole measurements of Q(f )
High-quality downhole seismometers provide good possibilities for measuring Q. However, even in these environments, detailed validation studies in the seismic industry showed that even frequencyindependent Q measurements are not problem-free (Sams & Goldberg 1990; White 1992) . For example, ultrasonic in situ borehole measurements using the spectral ratio technique resulted in Q P values that were more than five times lower than those measured under the corresponding pressure conditions in the lab (Goldberg & Zinszner 1989) . The authors attributed this discrepancy to mode conversions and scattering around the borehole.
Recently, Kinoshita (2008) described attenuation measurements within 1-10 Hz in two deep boreholes in Kanto region, Japan. The estimated values of Q P (f ) and Q S (f ) were ∼11 to 33 at f = 1 Hz, respectively, and parameter η in eq. (1) varied from 0.76 to 1.34. Such low Q 0 and high η make these data an interesting example for the present discussion.
The values of Q 0 and η above were derived from the following spectral ratio of the Fourier energy spectra of the direct [
where t is the two-way time lag between the direct and surfacereflected waves. From prior theoretical studies, the free-surface transfer function |G(f )| was considered equal 1, which led to the frequency-dependent Q(f ) values above (Kinoshita 2008) . However, without making assumptions about |G(f )| but determining it from the data, we arrive at a different conclusion (Fig. 1) . Borehole measurements result in well-defined values of time lags t, and thus the spectral power ratios can be obtained from the values of Q −1 (f ) in figs 3 and 4 of Kinoshita (2008) . Well within measurement errors, the frequency dependence of these spectral ratios is linear, with geometrical contributions of about
.85 ≈ 0.4 to the P-wave energy ratio (intercept of the line in Fig. 1a ) and e −0.5 ≈ 0.6 for S waves (Fig. 1b) . Note that the frequency ranges of this linear fit extend to 10 Hz for P-wave data and 6 Hz for S wave, which is much broader than ∼3 and ∼2 Hz in . The values of Q e estimated directly from the plots give Q P ≈ 700 or higher for P waves (when viewing the lowest-frequency point as an outlier; Fig. 1a ) and Q S ≈ 100 for S waves (Fig. 1b) . These values are much higher than Q 0 based on the |G(f )| = 1 assumption ( Fig. 1, insets) . Considering the error bounds on the spectral ratio values, there is no need to invoke a frequency-dependent Q e . With the above values of Q S and Q P , the anomalous Q S /Q P > 1 ratios suggested by Kinoshita (2008) are also not supported. However, these anomalous values correspond to the 50 per cent higher geometrical transmission loss for P waves (0.6/0.4 above). Note that this geometrical interpretation of the Q S (f )/Q P (f ) > 1 anomalies is different from the frequency-independent (intrinsic Q) observations of Q S /Q P > 1 by Hauksson & Shearer's (2006) , who attributed them to partially fluid-saturated crust.
Cases of η > 1 are always particularly disturbing, as they suggest a relative increase in high-frequency energy with propagation time in eq. (2). Kinoshita (2008) gave an example of such kind, which is also revisited in Fig. 2 . As this figure shows, there actually seems to be little evidence for attenuation in this spectral ratio (i.e. Q P −1 can be set equal to 0), but the frequency-independent amplitude ratio Kinoshita (2008) . Values of Q(f ) by Kinoshita (2008) are given in the insets, and the data fits for these models are shown by solid lines. (a1) and (b1): log(spectral ratios) recalculated from the same data points. Error bounds on the spectral ratios are also shown. Lines of constant Q e are shown: (a) Q P = 700 and (b) Q S = 100. Kinoshita (2008) . The inset shows Q(f ) inferred from these data for ∼0.8-3 Hz frequency range (solid straight line, Kinoshita 2008) . (b) Log-amplitude spectral ratios derived from the same data points, and their estimated error bounds. Note the lack of detectable attenuation but significant deviation of the amplitude ratio (about e −0.75 ≈ 0.5) from 1.0 (horizontal line).
is near e −0.75 ≈ 0.5. Note that the lower-frequency band of ∼0.8-3 Hz in which Q(f ) fitting was performed (solid line in Fig. 2a ) actually corresponds to the range in which spectral ratios increase with frequency (Fig. 2b ). Such amplitude increase should not be attributed to attenuation.
Thus, Kanto borehole data by Kinoshita (2008) appear to clearly show that the attenuation is moderate to low and is at least not detectably frequency-dependent. The previously reported low Q 0 values and very high η were caused by an assumption of a complete free-surface reflection. However, from the data, the effective upcoming-o-downgoing transfer amplitudes are about 0.6-0.7 for P-P and 0.8 for S-S reflections [square roots of the values
The observed deviations of reflection amplitudes from −1 could be due to multiple effects, including transmission losses, nonvertical incidence, and mode conversions. The strongest of these factors is the reflection coefficient at the basement-sediment contact, which is about 0.4 for P waves at normal incidence (see velocity structure summaries in Kinoshita 2008) . Two transmissions through this contact should reduce the free-surface reflected wave energy to ∼0.70 of the incident one. In addition, seismic waves from local distances of ∼ 10-50 km arrive at ray parameters of ∼0.2-0.3 s km −1 making the incidence angles on the sedimentary boundaries to equal up to 40
• . At such angles, strong amplitude variations and P/S mode conversions should be present. At oblique incidence, a borehole seismometer samples different parts of the wavefield on its upward and reflected downward propagation, also with likely different amplitudes. Finally, velocity heterogeneity and reflectors surrounding the boreholes may cause additional variations in the amplitude ratios. This shows that accurate predictions of |G(f )| may be difficult, but if we can argue that it is frequency-independent (geometrical), then this quantity can be readily measured from the data.
Separation of the intrinsic and scattering attenuation
Another interesting example suggested to me by A. Dainty was given by Mayeda et al. (1992) . These authors used the radiative transfer model in the form of multiple lapse-time window analysis (MLTWA ; Wu 1985; Hoshiba 1991) to separate the effects of the scattering (Q s −1 ) and intrinsic (Q i −1 ) attenuation in coda Q −1 in central California, Long Valley and Hawaii (Fig. 3) . The method was based on modelling multiply scattered coda and inversion for the relative effects of the scattering and intrinsic attenuation from the dependence of the S-wave energy on hypocentral distances.
Unlike the previous example, the inversion method by Mayeda et al. (1992) utilized complex corrections for geometrical spreading and site effects followed by Monte Carlo solution of an integral equation. A large data set with still significant residual data scatter was utilized, and therefore, an assessment of the effects of the various factors on the resulting Q values is difficult. However, it still shall be noted that (generally, unrealistic) assumptions of velocity uniformity, isotropy, S-wave dominance, and absence of reflections and mode conversions from crustal boundaries are all significant in this inversion approach.
Despite the complexity of MLTWA inversion, the results by Mayeda et al. (1992) can be interpreted remarkably easily in the spirit of the proposed view (Fig. 3) . As Table 1 indicates, Q s could be mostly related to unconstrained geometrical factors, that is, to γ . The frequency-dependent Q s by Mayeda et al. (1992) in these three areas of active tectonics shows high values of η > 1, and Q i has η ≈ 0 for frequencies below ∼4-8 Hz (Fig. 3) . Note that practically everywhere within the estimated 90 per cent confidence error bars, we can simplify this interpretation by reducing it to a 'conservative' Q s ∝ f dependence and Q i = const (grey dashed lines in Fig.  3 ). With this choice, the factor exp(−π ft/Q s ) in seismic coda amplitudes becomes frequency-independent, and therefore, represents the geometric attenuation (eq. 8), with γ = π f /Q s . An additional theoretical argument supporting this relation of γ to the scattering attenuation is given in Section 'Discussion' below.
As in the previous example, plotting the raw spectral ratios from the data versus frequency (unfortunately, only reconstructed from the re-interpreted dependencies in Fig. 3 ) reveals the relation between the geometrical and intrinsic attenuation terms (Fig. 4) . Only the total coda log-power time-frequency dependence {log[P(t, f )/P(0, f )]} is needed for separating the geometrical (intercept) and intrinsic attenuation (slope in Fig. 4) contributions. From Fig. 4 , we obtain γ ≈ 0.035 s −1 and Q i ≈ 570 (eq. 8). Note that this separation could be achieved in the original coda data by using the linear Mayeda et al. (1992) . inverse (3) or double spectral ratios (4). This procedure should be significantly simpler and likely more robust than using the complex MLTWA method of (Mayeda et al. 1992) . However, a full comparative analysis by using the original data is still required to verify this hypothesis. Fig. 4 also illustrates a useful secondary attenuation characteristic-the 'crossover' frequency at which the contributions of the geometrical and effective attenuation factors are equal:
In the areas of Mayeda's et al. (1992) study, f c ≈ 6 Hz (Fig. 4) . Below this frequency, the geometrical attenuation dominates coda amplitude decays, and above it-the effective attenuation becomes more important. Note that unlike f 0 in eq. (1), f c could be viewed as the natural attenuation-related frequency at which Q(f c ) values in different areas could be compared.
T H E C H A R A C T E R O F A P PA R E N T η
Although in appears that the (γ , Q e ) description can clearly be preferred, numerous attenuation measurements and interpretations Figure 4 . Log-amplitude spectral ratios corresponding to the simplified scattering and intrinsic coda Q dependencies in Fig. 3 and the corresponding total log(Power) time-frequency amplitude decay of the coda (labelled). The total coda measurement time lag was estimated as t = 30 s ( fig. 2 in Mayeda et al. 1992) . Note the frequency-independent (geometrical) part of log[P(t, f )/P(0, f )] ≈ −2.1. 'Crossover' frequency f c , at which the geometrical and effective attenuation values are equal, is indicated.
were performed in the (Q 0 , η) form, and we need to investigate whether these two parametrizations can be interrelated. In many practical cases, the observed time-frequency amplitude decays A(f , t) can be matched in either (γ , Q e ) or (Q 0 , η) forms, and approximate mapping between them can be developed. This also reveals the general reasons for frequent observations of high apparent values of η.
Consider an attenuation process A(f , t) (for example, coda amplitude) governed by eq. (8) but parametrized as −π f /Q(f ), in which Q(f ) is given by eq. (1). Therefore, for the time-dependent part of lnA(f , t), we have:
where q = π f 0 η /Q 0 is a constant. By taking the logarithm of both sides, we obtain an approximation for η:
where x denotes the variation of quantity x across the frequency band of interest, f becomes some 'central' frequency of the measured band, and f c is defined in eq. (10). For two asymptotic cases, we have:
(1) If f c f , the logarithm is dominated by the second term:
and therefore, η 1. This case falls far below the hyperbola γ Q e = π f in Fig. 5(a) .
(2) When f c f (upper-right corners of the diagrams in Fig.  5 ), the second term under the logarithm is small, and therefore, η approaches 1: Thus, η is generally determined by the ratio of the central measurement frequency to the crossover frequency f c (eq. 10). High η ≈1 should be expected in areas of low attenuation and high geometrical attenuation (i.e. high f c ), or also when measurements are carried out at lower frequencies. Such an increase of η at lower frequencies was observed in borehole Q measurements and described as the '10-Hz transition' phenomenon (Abercrombie 1998) . Also, some stable platforms (such as the Siberian Craton in eastern Russia) exhibit very high apparent frequency dependence of Q(f ) simply on the account of their high Q e (Table 2) .
Equations (13) give the asymptotics useful for understanding the most significant parameter combination (f /f c ) controlling the values of the apparent η. Between these asymptotic cases, the transformation (γ , Q e ) → (Q 0 , η) can be found numerically by least-squares fitting the logarithm of eq. (11) within a selected range of frequencies:
and solving it for ln(q/γ ) and (1 − η). The resulting (Q 0 , η) parameters for 1-10 Hz frequency range are shown in Fig. 5 . Note that q (and Q 0 −1 ) is proportional to γ , and η is principally controlled by the values of f c . For γ = 0, Q 0 = Q e and Q 0 quickly decreases with increasing γ (Fig. 5) . Dainty (1981) . d Data with η = 0 cannot be converted to (γ , Q e ). e From raw data re-interpretation by Morozov et al. (2008) . f Interpretation of this paper (Fig. 8) . Downhole geometrical attenuation is described by energy transfer amplitude, also shown here as γ .
γ A N D C RU S TA L T E C T O N I C T Y P E S
As stable and measurable quantities, γ and Q e (and also f c ) should be the best candidates for correlating with geological structures and tectonic types. Many authors performed such correlations in terms of Q 0 and η parameters (eq. 1), and therefore, in order to produce a classification in terms of γ and Q e , we have to use the transformation above.
From the existing studies, active tectonic regions are generally characterized by low Q 0 and high η, while stable cratons-by higher Q 0 and lower η (Aki 1980; Benz et al. 1997; Mandal & Rastogi 1998) . However, in Peaceful Nuclear Explosion (PNE) studies in the Siberian Craton, high values of η ≈ 1 were also found in combination with a very high Q 0 (Morozov et al. 2006) . A comparison of the observed attenuation parameters from a number of other studies (Table 2 ) provides further detail for this discrimination (Fig.  6a ). It appears that tectonically active zones occupy a region of lower Q 0 and increased η, and stable areas may be found within the rest of the (η, Q 0 ) domain (Fig. 6a) . Although tectonically different areas can be separated in the (η, Q 0 ) plane (dashed line in Fig. 6a ), the position and shape of this boundary is somewhat uncertain, and most importantly, physical reasons for this separation are not explained. A transformation to the (γ , Q −1 e ) representation by using eq. (11) shows the discriminative power of the geometric parameter γ (Fig. 6b) . In this form, it appears that tectonically stable and active areas can be well separated by the level of geometrical spreading of γ ≈ 0.008 s −1 (line D in Fig. 6b ). Apart from two outliers, the tectonically stable areas form a relatively compact cluster below this threshold. Tentatively, this could be related to lower gradients and smaller velocity contrasts within the colder crust.
Note that our values for γ equal 0 for the studies by Frankel et al. (1990) , in which frequency-independent Q values were reported (Table 2) . However, the geometrical spreading exponents given by these authors (ν ≈ 1.3 for New York State and South Africa, and larger, ν ≈ 1.9 for Southern California) also confirm the above observation of increased geometrical attenuation in the areas of active tectonics.
It appears that the geometrical attenuation parameter γ is closely related to the crustal structure, and therefore, could play the leading role in differentiating between the crustal types. Note that the (γ , Q −1 e ) data used here (Table 2) were simply converted from the reported (η, Q 0 ) values, and uncertainties in these values and the differences of inversion methods were ignored. Re-interpretation of the raw earthquake spectra in terms of (γ , Q −1 e ) parameters is requited for consistent inversion.
The transformed S-wave or Lg Q values lie within the 1000-3000 range for both stable and tectonically active areas, although the stable-area data tend to cluster more tightly near Q e ∼ 1500 (Fig. 6b) . Shallow borehole data using surface reflections (e.g. Kinoshita 1994 Kinoshita , 2008 ) cannot be directly compared to the surface measurements (Fig. 6 ) in terms of γ because they imply a different mechanism of geometrical attenuation. Nevertheless, the resulting values of S wave 1/Q 0 ∼ 1/100, as expected for sedimentary rocks, should nevertheless be comparable to those shown in Fig. 6(b) , in which they fall above the present plot range.
It is also interesting to correlate the (γ , Q e ) parameters to the ages of the most recent tectonic activity. Mitchell & Cong (1998) performed such comparison for Q(f ) factors taken at two frequencies of 1 and 5 Hz and found that the quality parameters [primarily Q 0 = Q(1 Hz)] increase with the tectonic ages. By converting the data of Mitchell & Cong (1998) into the (γ , Q e ) form, we also see that Q e values tend to increase but also become more scattered with age (Fig. 7a) . However, this difference could be due to limited sampling of the active-tectonic areas in this study (compare to Fig. 6b ). At the same time, γ appears to consistently decrease with age (Fig. 7b) , and additional sampling of active areas would only strengthen this observation. With two outliers (the Arabian Peninsula and the East African Rift), all regions of older than 10-Ma tectonics fall beneath the γ = 0.008 s −1 level of geometrical attenuation (Fig. 7) .
T H E A B S O R P T I O N B A N D A N D T H E 1 0 -H z T R A N S I T I O N P RO B L E M
Deviations of the geometrical attenuation law G(r) from |r| −ν could also explain the '10-Hz transition' problem by Abercrombie (1998) as well as strong apparent Q(f ) dependencies observed at these frequencies by many authors. In this section, I examine whether, similarly to the above, such increasing apparent Q(f ) could be due to the effects of γ and the ambiguity of the power-law form (1).
Eq. (13) and Fig. 5 show that for a constant f c , the apparent frequency-dependence exponent η should increase with decreasing observation frequency f . At the same time, with increasing η < 1 
Therefore, when using lower-frequency waves, we can expect observing increased values of apparent η and lower Q 0 . This is what is typically observed (Abercrombie 1998) . In addition, the effects of attenuation (which are proportional to ft/Q e ) become smaller, leading to larger measurement errors for lower f .
By crudely estimating an effective η(f ) dependence from the observed Q 0 (f ) curve ( Fig. 8b ; Abercrombie 1998) and transforming Q 0 into Q e by using eq. (15), we see that the Q 0 variation with f can be predicted reasonably well by Q e = 1300 and f c = 10 Hz (grey dashed line in Fig. 8a ), which makes γ ≈ 0.02 s −1 . This fit can be improved by making γ or Q e frequency-dependent, or by taking the regional variations of these quantities into account. Here, I consider an end-member case by keeping Q e constant and equal 1300 but allowing a frequency-dependent γ (Fig. 8b) . This makes the Q 0 (f ) fit nearly perfect (black line in Fig. 8a) . Interestingly, the values of η turned out nearly equal 20γ (Fig. 8b) .
The choice of frequency-dependent γ (f ) appears reasonable, because we defined γ as related to the general mode content of the wavefield. At lower frequencies corresponding to the vertical wavenumbers of lithospheric layering, the deviation from of the true spreading from the selected geometrical-spreading law (t −ν ) should be frequency-dependent, and γ (f ) would accommodate this deviation (Fig. 8b) . At the same time, also note that the simple linear approximation (7) could likely become invalid in such cases.
A continuation of the Q 0 (f ) dependence (Fig. 8a) to f ≈ 0.01-0.1 Hz would likely lead to Q 0 returning to values of ∼1000, thereby forming the upper-mantle 'absorption band' (Aki 1980; Anderson & Given 1982; Kinoshita 1994) . Such a band-limited increase of attenuation was theoretically modelled, among others, by Liu et al. (1976) , who utilized a relaxation-based stress-strain law, and Sato (1990) , who proposed a band-limited (von Karman-type) distribution of scatterers to explain it. However, as Fig. 8 shows, such band-limited drop can be explained by moderate variations of γ and constant Q e , showing that the absorption band is likely related to the geometrical, and not effective attenuation. Thus, strictly speaking, the absorption band may be apparent and not caused by absorption or even scattering of seismic waves.
As a geometrical phenomenon (in the sense defined above), the absorption band should be related to the imaging scale-lengths. It is very difficult to separate the contributions of geometrical spreading and scattering in the geometrical attenuation because both of these contributions could be complex in heterogeneous crust. Nevertheless, by contrast to the accepted view (Aki 1980; Sato 1990) , I suggest that instead of forming a limited band, the effect of scattering would more likely be continuously increasing towards high frequencies. It appears that fractal structure is a much less restrictive, more widespread, and hence more likely, model than band-selective (e.g. von Karman) models of the lithosphere. Therefore, I suggest that variations of geometrical spreading could be the main cause of the increased γ and of the apparent absorption band (Fig. 8b) .
Band-limited increase of geometrical attenuation could be caused by the changing wavefield mode content and its interaction with the free surface and heterogeneous velocity/density structures. As the frequency changes from ∼0.01 to ∼10 Hz, it passes through a band of natural seismic frequencies of the Earth's crust and lithosphere (wavelengths from ∼200 km to ∼200 m) within which the layering should be dominant. The scattered wavefield should change from mostly surface waves at f ∼ 0.01-0.1 Hz to a complex structurally controlled pattern of diving and reflected modes at f ∼ 1-10 Hz, and then to more diffuse short-wave fields at higher frequencies. The geometrical attenuation should be distinctly different in these cases, with only the low-and highfrequency limiting cases amenable to theoretical approximations. Also note the attenuation crossover frequency f c , which typically ranges from ∼0.2 to ∼10 Hz (Morozov 2008) and may contribute in forming this band. Thus, the 1-10 Hz range forms a 'structural complexity' band of transition from predominantly surface-to body-wave patterns.
Finally, note that it is possible that like Q(f ), the absorption band ends up being an artefact caused by the accepted technique of data reduction. The γ (f ) dependence in Fig. 8(b) was only obtained by heuristic remapping of the Q 0 (f ) and η(f ) results. It is possible that once the initial spectral amplitude ratios are re-analysed based on the model-independent procedure (3), a consistent solution for G(t) is found for the entire time-frequency range, and the absorption band may be removed altogether. As an example, we needed only a constant geometric term to describe the entire frequency band in Figs 1(a) and (b), and the spectral ratios showed no frequencyselective attenuation. This point needs to be elucidated in further research using broad-band raw data sets.
D I S C U S S I O N
The results above suggest that in many cases, the observed frequency-dependent Q(f ), and especially the scattering attenuation Q s (f ) (Table 1) , may in fact be distorted representations of geometrical attenuation. These observations apply to body and surface waves, free-surface reflections, and particularly strongly to multiply-scattered Lg and coda waves. Local earthquake records with higher frequencies and oblique propagation paths should also be strongly affected by ray bending and reflections.
Although our argument shows that scattering within at least the upper crust does not satisfy the assumptions of the stochastic scattering theory, there still exists a theoretical scattering regime supporting our empirical parametrization (8). Dainty (1981) showed that at 1-30 Hz, the observed frequency dependence of surface waves is best described by the following expression (Warren 1972) :
where Q i is the S-wave quality factor for intrinsic attenuation, V S is the S-wave velocity and g 0 is the turbidity describing the elastic attenuation.
The second term in expression (16) is essentially the additional geometrical attenuation effect, which may dominate the observations (Dainty 1981) . This term corresponds to the first term in eq. (8), in which γ = g 0 V S /2. Note that this parameter depends on the velocity V S but not on the frequency. If larger scatterers dominate the scattering, g 0 could be considered constant (Dainty 1981) . Note that in local earthquake and regional coda analysis, such 'scatterers' correspond to velocity gradients, faults, the Moho, sedimentary boundaries, and also other crustal structures contributing to Q s (Table 1) . Broadly, the crustal and upper-mantle velocity gradients cause the scattered waves to either return and contribute to the wave front or leave it, thereby determining the crustal turbidity factor. Padhy (2005) correlated this model to global tectonics and showed that from observations, g becomes frequency-dependent (similarly to our γ in the discussion of the absorption-band problem above).
A further insight into the significance of parameter γ in relation (8) can be obtained from considerations of wavefield symmetry and energy transport combined with observational limitations. Consider a wavefield in which the energy is spreading from the source, so that the area of a wave front at distance r from the source is S(r) = cr ν , where c and ν are some constants. For example, ν = 1 for surface, Pg, and Lg waves with generally cylindrical propagation, ν = 2 for spherical body waves, and diving and reflected waves in a layered velocity structure could likely be best approximated by using values 1 < ν < 2 (cf. Frankel et al. 1990) . Note that distance r is typically measured along the surface, and the shapes of the wave fronts at depth are inferred from the above wave symmetry represented by parameter ν. Further, for a harmonic wave of frequency f in a vicinity of any ray, consider the energy balance for a volume bounded by two wave fronts at distances r and r + dr from the source (dr r):
where E is the field energy between the wave fronts, ε(r) is the energy density, I(r) = ε(r)V is the energy flux, and V is the propagation velocity. Eq. (17) simply states that the energy loss from within this elementary volume is proportional to the energy within the volume, with two factors retained in the coefficient of proportionality: (1) frequency-independent (geometrical) G and (2) first-order in the frequency term 2π f /Q e , which represents the effective attenuation. Note that the geometrical term G may be related to elastic scattering as in eq. (16) but generally, its presence is required whenever the selected S(r) model is insufficient for describing the actual I(r) without intrinsic attenuation (i.e. when Q −1 e = 0 or f = 0). From eq. (17), the frequency-dependent energy decay rate with distance becomes:
which corresponds to eq. (8), in which γ = G/2 and A 2 ∝ εVS ∝ εr ν . This shows that for propagating waves (such as body, surface, or waveguide-type), parameter γ quantifies the difference of the actual geometrical wavefield symmetry from its selected reference value of r ν . Note that in these cases, γ should be evaluated by using the amplitudes compensated for geometrical spreading, that is, A ∝ √ εr ν . For coda waves, the character of γ could likely be more complex and related to the distributions and amplitudes of scatterers near the sources and receivers. However, it is also possible that spatial averaging performed by the coda may reduce this complexity, and γ could still be dominated by an uncompensated geometrical spreading of coda waves. Indeed, the agreement of the intrinsic and scattering Q results by Mayeda et al. (1992) with our model (Fig. 3) suggests that the scattering part of coda Q may still be related to the geometrical parameter G in eq. (18): Q s = 2π f /G. This appears to also be the case in our numerical coda simulations, in which shallow and uniformly distributed scatterers were assumed ( Fig. 9 ; also see below).
The relative contributions of the geometrical spreading and scattering to γ still remain elusive, as the scattering theory only operates in homogeneous, isotropic velocity/density structures in which all effects of spreading are assumed to be compensated. Moreover, from Figure 9 . Results from PNE coda modelling and inversion (Morozov et al. 2006) : (a) Modelled Log-amplitude coda slopes for PNE Quartz-4 using crustal Q S = 500. Note the linearly increasing negative coda slopes with frequencies increasing to ∼7-10 Hz. Solid grey lines indicate linear regressions using formula (8) with γ = 0.0075 and Q = 850. (b) Apparent coda Q(f ) arising from the coda slope dependence in (a). Results from additional two models with ±5 per cent variations in bulk crustal velocities are also shown (labelled). (c) Log-amplitude coda slopes from PNEs Quartz-4 (recorded within the East European Platform, at ∼2600-km source-receiver offset) and Kimberlite-3 (recorded within the Siberian Craton at ∼1100-km offsets). Note the different Q values (lines and labels), whereas the γ values are similar and close to those modelled in plot (a). Also note that because of lower-magnitude source and longer recording distance, the usable frequency band is narrower (∼1-2 Hz) in Quartz-4 records. the scattering-theory view point, crustal refractions and reflections are also considered as back-scattering (as removing the wave energy from the first-arrival wave fronts), whereas the same waves would also be included in the background 'spreading' wavefield in an inhomogeneous crustal model. I prefer this second view as honouring the structural complexity of the lithosphere and suggest that this structure-related, frequency-independent attenuation should be viewed as geometrical attenuation, and not merely as scattering.
The relation of parameter γ to the crustal structure still needs to be explored; however, initial tests suggest that it is quite amenable to modelling. In our recent 1-D waveform simulations of the coda recorded from Peaceful Nuclear Explosion (PNE) Quartz-4 in Northern Eurasia, the resulting values of γ ≈ 0.0075 s −1 (Fig. 9a) were nearly identical to those independently measured from the data ( Fig. 9c ; Morozov et al. 2006; Morozov et al. 2008) . The modelling used realistic layered lithospheric structures derived from detailed studies of this PNE line (Morozov et al. 1998; Morozova et al. 1999) . The resulting models reproduce a strong apparent frequency dependence of coda Q(f ) (η ≈ 0.7 in Fig.  9b ; Morozov et al. 2006) without invoking rheological relaxation mechanisms or stochastic distributions of scatterers. Note that in Lg Q studies in the Basin and Range Province, Mitchell (1991) also showed that a similar apparent Q(f ) could result from a layered crustal model. Interestingly, the interpretation of another PNE Kimberlite-3 within the Siberian Craton showed a different Q e but a very close value of γ ( Fig. 9c ; Morozov et al. 2006 Morozov et al. , 2008 .
Frequency-dependent inelasticity due to the spectral variations of scatterer density or relaxation mechanisms is certainly likely to be present within the Earth's crust. However, one objective of this paper was to show that it may be not as pervasive or necessary as implied by many frequency-dependent Q observations. Within the available data quality, observations of apparent Q(f ) at short periods could often be successfully explained by combinations of geometrical attenuation and frequency-independent effective attenuation. Separation of these physical parameters provides several insights for interpretation and allows linking the seismic velocity, structure, coda, Lg Q and borehole results.
C O N C L U S I O N S
A new geometrical attenuation model is introduced as an alternative to the conventional power-law description Q 0 (f ) = Q 0 (f /f 0 ) η . The model parameters can be measured directly from the data and are free from the assumptions and ambiguities inherent in the (Q 0 , η) formulation. Several examples from borehole, coda, and Lg Q studies show that when low Q 0 and high η ≈ 1 values are observed within the 1-10 Hz frequency band, they could in fact be caused by geometrical attenuation and a frequency-independent effective Q e .
Values of (Q 0 , η) from a number of reported studies were transformed into the new parametrization. The corrected values of Q e are generally significantly higher than Q 0 (by 3-40 times, Table 2 ). Correlation of these values to crustal tectonic types shows that Q e is broadly unrelated to tectonics, although its values in stable areas tend to cluster more closely together. Active tectonic regions are separated from stable ones by the level γ ≈ 0.008 s −1 of geometrical attenuation, suggesting a difference in the structural types of the lithosphere. The geometrical parameter γ also appears to systematically decrease with tectonic age.
A comparison with the results of radiative transfer coda modelling shows that the scattering attenuation (Q s −1 ) is related to geometrical attenuation, which allows its separation from intrinsic attenuation (Q i −1 ). This separation procedure does not rely on elaborate theoretical models or sophisticated algorithms.
The absorption band (Aki 1980 ) and the '10-Hz transition' [a change in the Q(f ) frequency dependence near 10-Hz frequencies; Abercrombie 1998 ] are explained as related to geometrical attenuation. The absorption band could correspond to the wavefield changing its dominant mode content within the crust and lithosphere: starting from (1) mostly surface waves below ∼0.1 Hz, through (2) a complex band of normal seismic modes, diving waves, reflections, and mode conversions within the crust at 1-10 Hz, to (3) high-frequency body waves above ∼100 Hz. It is also possible that with correct accounting for geometrical spreading, the absorption band could be removed altogether.
Overall, explicit separation of the geometrical and frequencyrelated attenuation brings several clear advantages to attenuation studies: (1) it is assumption-and model-free, and therefore, is consistent theoretically; (2) it provides an unambiguous description of seismic (coda, Lg or body wave) amplitudes in terms of their attenuation parameters and (3) it allows relating the observations to the basic physics and geology. Because of its consistency and direct link to the observations, the approach should also help in building robust and transportable coda magnitudes and in attenuation-and velocity-based seismic regionalization.
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